bIII-Gal, a member of the chickpea b-galactosidase family, is the enzyme responsible for the cell wall autolytic process. This enzyme, whose activity increases during epicotyl growth, displays significant hydrolytic activity against cell wall pectins, and its natural substrate has been determined as an arabinogalactan from the pectic fraction of the cell wall. In the present work, the localization of bIII-Gal in different seedling and plant organs was analyzed by using specific antibIII-Gal antibodies. Our results revealed that besides its possible role in cell wall loosening and in early events during primary xylem and phloem fiber differentiation bIII-Gal acts on the development of sieve elements. Localization of the enzyme in this tissue, both in epicotyls and radicles from seedlings and in the different stem internodes, is consistent with the reduction in galactan during the maturation of phloem elements, as can be observed with LM5 antibodies. Thus, bIII-Gal could act on its natural substrate, the neutral side chains of rhamnogalacturonan I, contributing to cell wall reinforcement allowing phloem elements to differentiate, and conferring the necessary strengthening of the cell wall to fulfill its function. This work completes the immunolocation studies of all known chickpea b-galactosidases. Taken together, our results reflect the broad range of developmental processes covered by different members of this protein family, and confirm their crucial role in cell wall remodeling during tissue differentiation.
Introduction
In chickpea (Cicer arietinum L.), the isolation of a cell wall b-galactosidase (EC 3.2.1.23) family was reported by Dopico et al. (1989) . bIII-Gal was the first such enzyme to be isolated, and it was characterized as a protein responsible for the cell wall autolytic process (Dopico et al. 1989 , Dopico et al. 1990a ). This enzyme, whose activity shows an increase during epicotyl growth (Dopico et al. 1990b ), displays significant hydrolytic activity against cell wall pectins (Dopico et al. 1990c) , and by in vitro experiments the natural substrate of this enzyme was determined as an arabinogalactan from the pectic fraction of the cell wall (Dopico et al. 1990c) .
Later on, a b-galactosidase multigene family with at least four members, named CanBGal-1, -3, -4 and -5 (coding for bI-Gal, bIII-Gal, bIV-Gal and bV-Gal, respectively) was described in C. arietinum, and CanBGal-3 was identified as the gene coding for bIII-Gal (Esteban et al. 2003) .
b-Galactosidases are enzymes that catalyze the hydrolysis of terminal galactosyl residues from carbohydrates, glycoproteins and galactolipids. Plant b-galactosidases can be found in several tissues, where they are thought to be involved in cell wall biogenesis and remodeling (Jamet et al. 2006 , Verbelen and Vissenberg 2007 , Gantulga et al. 2008 ) through many different physiological processes. In this sense, their action has been implicated in the degradation of cell wall components during cell wall expansion, cell senescence, fruit ripening, and storage mobilization (Singh and Knox 1985 , Raghothama et al. 1991 , Ross et al. 1994 , De Veau et al. 1993 , Buckeridge and Reid 1994 , among others.
The transcription patterns of the different chickpea b-galactosidase genes show considerable variations (Esteban et al. 2003 , suggesting the possibility of different functions during the above plant developmental processes.
Focusing on CanBGal-3, its transcripts accumulate specifically in elongating organs, such as epicotyls and radicles (although transcript levels are very low in the latter), and are absent in tissues corresponding to meristematic zones, such as hooks, or reserve organs such as cotyledons. The level of CanBGal-3 transcripts is high during maximum growth rates in epicotyls from etiolated seedlings (Esteban et al. 2003) , coinciding with the maximum autolytic activity of epicotyls. The transformation of potato tuber with CanBGal-3 allowed us to confirm the pectin-degrading function of bIII-Gal (Martín et al. 2005) . A significant reduction (up to 50%) in the galactosyl content in transgenic tuber cell walls was observed when compared with wild-type plants (Martín et al. 2005) . This reduction in the galactosyl content corresponds to a reduction in neutral galactan side chains, as confirmed by the use of LM5 antibodies (which specifically recognize four consecutive galactosyl residues). Besides these results, an increase in the homogalacturonan content was induced in transformed potato tubers (Martín et al. 2005) , indicating an important structural role for galactans in cell wall architecture and confirming the above pectin-degrading activity of bIII-Gal described in vitro.
Regarding the other b-galactosidases, the raising of antibodies against bI-Gal, bIV-Gal and bV-Gal allowed us to conduct immunolocation studies for these proteins. These studies also reflected their possible function in different processes, and confirmed the proposed roles deduced from the data obtained when the transcript levels of the genes were analyzed (Martín et al. 2008 , Martín et al. 2009 , Martín et al. 2011 ). Thus, bI-Gal and bIV-Gal seem to be involved in the final stages of the elongation process, modifying the cell wall for elongation to cease and tissue differentiation to be completed, and their localization is restricted to cells whose walls are undergoing thickening, such as collenchyma, sclerenchyma or xylem elements, mainly during the first stages of vascular cell differentiation. Thus, they contribute to the stiffening of the primary cell wall or allow secondary cell wall deposition. This provides mechanical strength to the tissues in which they are located (Martín et al. 2008 , Martín et al. 2011 . In contrast, bV-Gal is the only chickpea b-galactosidase present in meristematic zones, such as apical hooks, procambial cells and in the pericycle cells of developing lateral roots (Martín et al. 2009 ). Also, bV-Gal shows its highest levels in the youngest actively growing epicotyls and in the apical growing internodes. Thus, a relationship between bV-Gal and the events occurring in the cell wall during the early stages of development when cell division and elongation rates are high can be proposed (Martín et al. 2009) .
With these studies, we showed that the localization of a given protein could provide more information about the actual role of the protein in a given process. To complete the study of the chickpea b-galactosidase family, the aim of the present work was to conduct immunolocation experiments using antibodies raised against chickpea bIII-Gal. Our results have allowed us to establish a relationship between the biochemical action of the protein and its physiological function in specific processes, such as phloem fiber and vessel differentiation.
Results

Raising of anti-bIII-Gal antibodies and specificity tests
Due to the high level of identity among the deduced amino acid sequences of the different chickpea b-galactosidases, antibIII-Gal antibodies were raised against two specific peptides. To check the specificity of the antibodies obtained, the four known chickpea b-galactosidases were overexpressed in Escherichia coli and used in immunoblot experiments.
bIII-Gal was produced as insoluble inclusion bodies (Fig. 1a) . Western blot experiments to test anti-bIII-Gal IgG specificity against all recombinant b-Gal proteins (Fig. 1b) revealed that these antibodies only recognize recombinant bIII-Gal but no other chickpea recombinant b-galactosidases.
Anti-bIII-Gal antibodies were used in Western blot experiments using chickpea cell wall protein extracts from 4-and 8-day-old etiolated seedling epicotyls to check whether the peptide-generated antibodies recognized bIII-Gal produced in planta in a specific way. When cell wall proteins were separated by SDS-PAGE, the anti-bIII-Gal antibodies recognized a single band at 77 kDa (the deduced bIII-Gal molecular mass), and no other protein band was detected (Fig. 1c) . Furthermore, the maximum signal was detected in 4-day-old epicotyl protein extracts, with a higher growth rate, and it was clearly reduced in aged epicotyls, when the elongation rate has decreased.
Immunolocation of bIII-Gal protein in chickpea seedlings
The tissue and cellular locations of bIII-Gal were determined by immunocytochemical studies using anti-bIII-Gal antibodies, as described in the Materials and Methods.
In order to establish a possible relationship between this protein and plant growth and development, we analyzed apical, central and basal transverse sections of epicotyls and radicles from 4-and 8-day-old etiolated seedlings, allowing different elongation and differentiation rates to be considered (Seara et al. 1988) . Immunolocation analyses were also carried out on the five stem internodes (numbered 1-5 from the base to the apex) of 11-day-old chickpea plants, with different elongation rates. In 11-day-old plants, only the fourth and fifth internodes show active growth (Jiménez et al. 2006 ). Since no labeling was observed in controls performed using pre-immune serum, no images of these controls are included in the present work.
In 4-day-old epicotyl apical sections (Fig. 2) , bIII-Gal was located in cell walls of parenchyma cells next to the vascular cylinder and it was also detectable in differentiating primary xylem and phloem elements (Fig. 2a, b) . The same pattern was observed in central sections (data not shown), whereas in basal sections the labeling of cortical cells was clearly reduced (Fig. 2c ) and bIII-Gal was mainly located in the vascular cylinder, in both primary phloem and phloem fibers, and a faint labeling was observed in non-mature xylem elements (Fig. 2d) .
In all sections analyzed, labeling in 8-day-old epicotyls ( Fig. 3) was weak in comparison with 4-day-old epicotyls. In most apical regions, bIII-Gal was only detected in several primary phloem elements (Fig. 3a, b) . In central sections, labeling was detected in primary xylem close to the procambial zone and in phloem fibers ( Fig. 3c and its magnification in Fig. 3d) , whereas in basal sections the localization of bIII-Gal was restricted to the primary phloem (Fig. 3e, f) .
The presence of bIII-Gal in radicles from 4-day-old seedlings ( Fig. 4) was very low in all sections analyzed, being almost undetectable in the most apical sections (data not shown). In central sections, bIII-Gal localization was restricted to phloem fibers and primary xylem (Fig. 4a, b) , and in basal sections the same pattern was observed, although labeling in primary phloem was also detected (Fig. 4c, d ). In 8-day-old radicles, no protein was detected in apical sections (data not shown), as is the case of the radicles of younger seedlings. In central sections, bIII-Gal was located in both phloem fibers and primary xylem (Fig. 4e) , whereas in basal sections labeling was present in the youngest xylem elements, phloem fibers and primary phloem (Fig. 4f) . It should be noted that the basal sections of the radicle (root-epicotyl junction zone) have the same structure as the epicotyl basal sections.
Immunolocalization of bIII-Gal and its natural substrate in different chickpea stem internodes
The main localization of bIII-Gal in primary phloem seen in the basal-most sections of the oldest epicotyls and radicles was also observed on the five stem internodes of 11-day-old plants, where bIII-Gal was exclusively detected in this tissue ( Fig. 5a-e) , except for a faint labeling in phloem fibers on the third internode (Fig. 5c) .
To check whether the exclusive localization of bIII-Gal in primary phloem could be related to changes in the distribution of the side chains of galactan, the natural substrate reported for this protein (Dopico et al. 1990c , Martín et al. 2005 , we decided to analyze the localization of galactans in the internodes of 11-day-old chickpea plants using LM5 antibodies, which specifically recognize four consecutive b-1,4-galactan residues (Jones et al. 1997) .
As seen in Fig. 5 , in most apical internodes labeling was intense and homogeneous throughout the tissues (Fig. 5f, g ), and fluorescence decreased towards the base of the stem (Fig. 5h-j) . Focusing on the vascular bundles, the fluorescence associated with phloem fibers decreased through the differentiation of this tissue, and in the older second and first internodes (Fig. 5i, j, respectively) was restricted to the inner secondary cell wall zone. A similar gradient was also observed in primary xylem, where galactan was not detectable in most basal internodes. The stronger labeling observed in cambial tissue is remarkable when compared with the rest of the tissues, an observation that was especially noticeable in most basal sections (Fig. 5i, j) , whereas in primary phloem labeling was strongly reduced.
Discussion
bIII-Gal, a member of the family of b-galactosidases described in chickpea , has previously been identified as the enzyme responsible for cell wall autolytic processes in chickpea epicotyls, and its hydrolytic activity on pectic side chains has been reported previously (Dopico et al. 1989 , Dopico et al. 1990b , Dopico et al. 1990c , Dopico et al. 1991 , Martín et al. 2005 .
In the present work, immunolocation studies were undertaken to gain insight into the function of bIII-Gal during plant development. Specific antibodies against chickpea bIII-Gal were generated successfully, since no cross-reaction of the IgGs obtained with the other recombinant chickpea b-galactosidases was detected (Fig. 1b) and no unspecific bands were seen in cell wall protein extracts in Western blot experiments (Fig. 1c) . This is important when it comes to validating the antibodies for immunolocation experiments.
The presence of bIII-Gal seems to be associated with elongation in epicotyls, since a higher accumulation of the protein appeared in 4-day-old epicotyls in the active elongation phase as compared with 8-day-old epicotyls ( Fig. 1b) , where elongation was greatly reduced. This pattern was observed previously when the transcript accumulation of CanBGal-3 was analyzed .
Supporting this involvement in elongation, immunolocation in cortical cells in 4-day-old epicotyls was restricted to the most apical section (Fig. 2a) and it was notably reduced in basal parts of the epicotyl (Fig. 2c) , according to the reduced growth rates of these zones (Seara et al. 1988 ). As revealed above, bIII-Gal is the enzyme responsible for cell wall autolysis (Dopico et al. 1989) , an in vitro process that may be reflecting cell wall loosening prior to cell elongation. In this sense, reduction of pectic side chains mediated by bIII-Gal (Dopico et al. 1990a ) may be contributing to cell wall loosening in epicotyl elongating sections, inducing structural changes and affecting cell wall porosity, thus allowing the access of other cell wall-modifying enzymes to their substrates (Esteban et al. 2003 , Martín et al. 2005 .
The immunolocation of bIII-Gal indicates its involvement in vascular tissue formation. Thus, it was possible to detect bIIIGal in both primary xylem and phloem, although its localization in xylem elements was restricted to those that had not completed their differentiation, such as in basal sections of 4-dayold epicotyls ( Fig. 2d) and in central sections from 8-day-old epicotyls ( Fig. 3d) . This could reflect the role of this b-galactosidase in the early steps of xylem differentiation, when cell wall degradation takes place in this tissue (Ohdaira et al. 2002) , and different cell wall enzymes have been related to this process (Domingo et al. 1998 , Sterky et al. 1998 , Torki et al. 2000 . bIII-Gal could act in a coordinated way with other enzymes involved in this process, even with bI-Gal and bIV-Gal, which are also present in primary xylem, both with a similar pattern (Martín et al. 2008 , Martín et al. 2011 . These enzymes could also be responsible for the reduction in galactan levels observed in this tissue from apex to base along the chickpea stem ( Fig. 5f-j) , where bIII-Gal is absent from xylem elements.
The localization of bIII-Gal in phloem fibers in central sections of 8-day-old epicotyls ( Fig. 3c, d ) and in the third internode (Fig. 5c) immediately before evident secondary cell wall deposition begins could reflect a role for this protein in the early steps of fiber development in these organs. LM5 distribution in chickpea stems showed a decrease in galactan levels in these fibers from the apical to the basal parts of the stem, where only some labeling was observed in the innermost zone of cell walls in the basal-most parts (Fig. 5f-j) .
Considering these results, bIII-Gal could also act during the first stages of phloem fiber differentiation in these organs, although the absence of galactan in this tissue in the basal-most sections of the stem could be due to the action of other chickpea b-galactosidases. The immunolocation of bI-Gal or bIV-Gal has been studied previously and these proteins showed a similar localization pattern (restricted to cells with thickened cell walls), with a strong presence in the phloem fibers of the basal-most internodes (Martín et al. 2008 , Martín et al. 2011 ). Thus, it seems that there is a sequential action of the different chickpea b-galactosidases leading to complete differentiation of this tissue, bIII-Gal acting during the early events of fiber development and bI-Gal/bIV-Gal during the final stages, all being responsible for the lack of galactan observed in this tissue in the first and second stem internodes (Fig. 5i, j) . Similar to this reduction in galactan levels in both xylem elements and phloem fibers, a reduction in the galactose content of the pectic fraction of the cell wall between elongating and non-elongating regions has been reported previously in chickpea (Muñoz et al. 1993) .
In Linum phloem fibers, a role for galactans in the mechanical properties of cell walls has also been reported (Gorshkova and Morvan 2006, Roach et al. 2011) . In fact, transcripts of a flax b-galactosidase are up-regulated during the early stages of secondary wall deposition and are also abundant in the later stages of wall deposition (Roach and Deyholos 2008) . Suppression of b-galactosidase activity in phloem fibers in RNAi (RNA interference) transgenic plants results in fibers with altered mechanical properties (Roach et al. 2011) . The latter authors suggest that b-galactosidase would be required for galactan remodeling during fiber differentiation, and the observed reduction in galactan chain size during secondary cell wall deposition allows the association of cellulose microfibrils in a highly crystalline matrix.
Besides their importance in phloem fibers, the role of galactans in cell wall strengthening has been reported previously in other plant systems and cell types. Jones et al. (1997) related the absence of b-1,4-galactan in pericarp subepidermal layers and petiole collenchyma thickenings in tomato to increased mechanical strength in these tissues.
The most striking aspect of our results is probably the localization of chickpea bIII-Gal in phloem elements in epicotyls and radicles, both in apical and in basal sections, where this protein is mainly present in sieve elements. Also, in 11-day-old plant internodes, bIII-Gal is restricted to primary phloem in all sections analyzed (Fig. 5a-e) , apart from the aforementioned exception of the labeling of phloem fibers on the third internode (Fig. 5c) . This localization was consistent with the reduction in galactan observed with LM5 antibodies during the maturation of this tissue, with a marked decrease in differentiated phloem cell walls in the basal-most internodes, in contrast to the presence of this epitope in the procambial zone (Fig. 5i, j) .
Similar results were obtained by Ermel et al. (2000) in hybrid aspen, where this differential distribution of the LM5 epitope between cambial cells and differentiated phloem elements was reported.
During their differentiation, sieve elements develop a thickened cell wall that allows them to undergo high turgor pressures. Although their precise chemical composition has not been completely elucidated, it has been suggested that phloem sieve tubes have two or more cell wall layers, including a thick nacreous layer in primary cell walls, which has been suggested to be cellulose rich and pectin poor by several authors (Esau 1969 , Evert 1977 , Schlag and Gal 1996 .
Thus, it seems that in chickpea a pectic side chain remodeling (specifically a reduction in galactan side chains) during phloem development is necessary for the complete differentiation of this tissue, providing the required mechanical strength to fulfill its function. The localization of bIIIGal indicates that in primary phloem this protein may act on its natural substrate, the neutral side chains of rhamnogalacturonan I (Dopico et al. 1990c , Martín et al. 2005 , thus contributing to cell wall reinforcement by allowing cross-linking of pectins (Hwang and Kokini 1991) , or even allowing cellulose microfibrills to associate, forming a crystalline matrix, as proposed for Linum phloem fibers (Roach et al. 2011) .
Taking all the results together, it may be concluded that besides its possible role in cell wall loosening or in early events during primary xylem and phloem fiber differentiation, bIII-Gal acts on the development of sieve elements and could be responsible for the reduction in galactan levels observed in this tissue, allowing its differentiation and conferring the necessary strength to the cell wall to fulfill its function.
With this work, we have completed the immunolocation studies of all known chickpea b-galactosidases. We have established a relationship between bV-Gal and the cell wall remodeling taking place during the early stages of development when cell division and elongation rates are high (Martín et al. 2009 ). In contrast, bI-Gal and bIV-Gal seem to modify the cell wall for elongation to cease and are specific to cells whose walls are thickening (collenchyma, sclerenchyma or xylem elements). Their action in specific process, such as the aforementioned role of bIII-Gal in phloem differentiation, is noteworthy. Taken together, our results again reflect the wide range of developmental process covered by different members of this protein family, and confirm their crucial role in cell wall remodeling during tissue differentiation.
Materials and Methods
Plant material
Chickpea seeds (Cicer arietinum L. cv. pedrosillano) were sterilized in 0.1% (v/v) sodium hypochlorite and germinated in water in darkness at 25 C and 80% relative humidity on glass plates covered with filter paper. Epicotyls and radicles of etiolated seedlings were collected after 4 and 8 d for Western blot and immunolocation experiments.
Chickpea plants were grown in vermiculite at 25 C and 80% relative humidity for 11 d, after which the stems were divided into five internodes, numbered 1-5 from the base to the apex.
Heterologous expression and purification of chickpea b-Gal recombinant proteins
The expression and purification of bI-Gal, bIV-Gal and bV-Gal recombinant proteins were carried out as previously described in Martín et al. (2011 Martín et al. ( , 2008 Martín et al. ( and 2009 , using the pET-32 a(+) (Novagen) expression vector and the E. coli Rosetta-gami strain B(DE3) (Novagen). The same system was used for the expression of the bIII-Gal recombinant protein. In this case, the coding sequence (minus the signal peptide) of CanBGal-3 was PCR amplified from the CanBGal-3 plasmid clone. The two oligonucleotide primers used were 5 0 -GAATT CTCTGTGACTTATGATCATAAAG-3 0 and 5 0 -GCGGCCGCTCA TGTTCTTTTCACCAATGAA-3 0 , with an EcoRI restriction site at the 5 0 end and a NotI site at the 3 0 end, respectively (underlined in the sequences). As a control of expression, pET-32 a(+) without any insert was used. Cells were first cultured overnight in 10 ml of Luria-Bertani (LB) medium (50 mg ml À1 ampicillin and kanamycin) at 37 C. A 1 ml aliquot of the overnight medium was transferred to 200 ml of LB medium and the cells were allowed to continue to grow until the A 600 reached 0.4-0.6. Isopropyl-b-D-galactopyranoside (IPTG; 1 mM) was added and allowed to induce protein production for 3 h. Inclusion bodies were separated from the soluble fraction using the BugBuster Protein Extraction Reagent (Novagen) according to the manufacturer's instructions, and the subcellular localization of the recombinant protein was determined by SDS-PAGE (Laemmli 1970 ).
Anti-bIII-Gal antibody production and purification
Polyclonal antibody production was carried out as reported in Martín et al. (2008) by immunization of New Zealand white rabbits with keyhole limpet hemocyanin (KLH)-peptide conjugates. The peptides designed from the CanBGal-3 deduced amino acid sequence and used to generate the antibodies were SYNEAPASSGIDD and SVQWTKGSSLVKK.
Western blot experiments
Western blot experiments were carried out according to the procedure of Harlow and Lane (1988) , with the modifications reported in Martín et al. (2008) . When cell wall protein extracts were used, the amount of total protein extract per lane was 3 mg, and the dilutions for the anti-bIII-Gal antibody and the horseradish peroxidase-conjugated secondary antibody were 1 : 2,500 and 1 : 10,0000, respectively. When chickpea recombinant b-galactosidases were used for the Western blot experiments, the amount of protein was 1.5 mg per lane. In this case, anti-bIII-Gal antibody was applied at 1 : 2,500 dilution and the horseradish peroxidase-conjugated secondary antibody at 1 : 50,000 dilution.
Extraction of cell wall proteins
Cell walls were prepared according to Dopico et al. (1989) . Proteins were extracted as described in Jiménez et al. (2006) from freshly isolated cell walls, using 1 M NaCl in 10 mM Na-citrate/phosphate, pH 5.5, at 4 C for 48 h. The total amount of protein was assayed according to Bradford (1976) with a protein assay kit (Bio-Rad).
Immunocytochemical labeling of bIII-Gal
Immunocytochemical labeling was conducted in epicotyls and radicles from 4-and 8-day-old seedlings and the five internodes from 11-day-old plants. Sample preparation and incubation with the antibodies were performed as described in Martín et al. (2008) . Anti-bIII-Gal and secondary antibody (goat anti-rabbit IgG conjugated with alkaline phosphatase) were applied at 1 : 150 and 1 : 300 dilution, respectively. The color reaction carried out to visualize the antigen-antibody complexes was performed in Tris-buffered saline (TBS) supplemented with 50 mM MgCl 2 , pH 9.5, containing 5-bromo-4-chloro-3-indolyl-phosphate (0.075 mg ml
À1
) and 4-nitroblue tetrazolium chloride (0.1 mg ml À1 ) according to Wolf et al. (1973) . Once the color reaction was visualized, sections were dehydrated in a graded ethanol series, dipped in xylene and mounted in Entellan (Merck). Controls were performed using pre-immune serum.
Immunofluorescence labeling of galactan in chickpea cell walls
Labeling with monoclonal antibody LM5, specific for four consecutive b-1,4-galactan residues (Jones et al. 1997) , was conducted on internodes from 11-day-old chickpea plants. Sample preparation and incubation with antibodies were performed as described in Martín et al. (2005) . LM5 and secondary antibody [goat anti-rat IgG conjugated with fluorescein isothiocyanate (FITC)] were applied at 1 : 25 and 1 : 50 dilutions, respectively. Images were taken using a DMI-6000B microscope equipped with an SP5 confocal system (Leica).
